Most ferromagnetic and antiferromagnetic substances show a simple collinear arrangement of the local spins. Under certain circumstances, however, the spin configuration is non-collinear. Scanning tunneling microscopy with its potential atomic resolution is an ideal tool for investigating these complex spin structures. Non-collinearity can be due to topological frustration of the exchange interaction, due to relativistic spin-orbit coupling or can be found in excited states. Examples for all three cases are given, illustrating the capabilities of spin-polarized scanning tunneling microscopy.
Introduction
Magnetism on the nano-scale has been in the focus of intensive research in the past decades due to its relevance for highdensity magnetic recording, magnetic random-access memory and magnetic sensors [1] [2] [3] [4] as well as due to many fundamental issues regarding the physics spin systems.
A detailed knowledge of the spin structure on the atomic level of magnetic nano-structures is helpful in understanding their magnetic properties as well as interactions like the exchange bias. Most ferromagnets, ferrimagnets as well as antiferromagnets display relatively simple collinear spin structures in which the atomic moments point along one well-defined axis. This ground state configuration is mostly due to the Heisenberg exchange interaction J i j S i · S j between neighboring spins S i and S j either favoring a parallel or antiparallel orientation depending on the sign of the exchange J i j [5] . In these structures, the electrons, which give rise to the atoms magnetic moment, can be divided into majority and minority spin states such that the magnetic state of the system is described by the population of the electrons in the two spin states.
Traditional methods to study magnetism on the atomic level are usually bulk sensitive like neutron diffraction [6, 7] and operate in reciprocal space. As to thin films, magnetic x-ray linear dichroism can map the magnetization direction in ferromagnets or magnetization axis in antiferromagnets [8] , and scanning electron microscopy with polarization analysis has been used to resolve magnetic structures [9] . While they operate in real space, they are, however, limited in lateral resolution and cannot resolve the atomic spin structures that are of interest, here. Only with the development of spin-polarized scanning tunneling microscopy (Sp-STM), it is possible to map the spin configuration of the surface on the atomic level [10] . This opens up the possibility to study even complex spin structures in real space, as will be reviewed in this work.
While collinear spin structures are common, they are not the only solution to the simple exchange dominated spin structures. In some crystal structures, an antiferromagnetic exchange between nearest neighbors cannot be fully satisfied due to topological reasons such that the ground state is a noncollinear state. A prototypic example for such a system is the antiferromagnetic two-dimensional hexagonal lattice [11] . In this lattice it is topologically impossible to align the spins within any triangle of nearest neighbors in an antiparallel fashion. Instead, a frustrated antiferromagnetic Néel structure is stabilized. Here, the magnetic moments are aligned with an angle of 120
• between neighboring magnetic moments. With rising crystal complexity, these non-collinear states are more probable. As a consequence, the electronic state cannot be fully described by the density of states for minority and majority electrons. Instead, when choosing a quantization axis for the electron spin, the electronic states in the atoms have to be described by a coherent superposition of the two spin states, i.e. the phase between the minority and majority electron states becomes important. As a consequence, a single measurement of the population of the states is insufficient to distinguish between a collinear and a non-collinear spin state. Instead, information containing the phase or the combined measurement of the spin configuration with different quantization axes is required. These spin structures and their determination will be discussed in detail in section 3.
A second class of non-collinear spin states arise from higher order effects involving the spin and orbital moments. While the simple Heisenberg Hamiltonian for the exchange considers the spin S of the electrons as a good quantum number, the relativistic spin orbit interaction may lead to mixing of the spin states and as a consequence to non-collinear states. Besides the resulting magnetocrystalline anisotropy, a well-known effect of the spin-orbit interaction in systems with broken inversion symmetry is the anisotropic exchange or Dzyaloshinsky-Moriya interaction [12, 13] leading to an additional exchange of the form D i j · S i × S j . This additional term may lead to a non-collinear ground state. Moreover, the spin orbit interaction may as well be a function of the electron energy. As a consequence, the spin of the electronic states may be subject to an energy-dependent mixing such that even within one atom, the spin is non-collinear in the energy domain. Two examples for non-collinearity due to spin-orbit interaction will be discussed in section 4.
So far, we discussed only the magnetic ground state. While this state is of utmost importance for the description of static properties of the magnetic system, it does not describe the states at finite temperatures or its dynamics. Instead, one needs to investigate a third class of non-collinear states, the elementary excitations of magnetic systems. In the Heisenberg description of magnetism, the elementary excitations are collective excitations of the local magnetic moments in the form of spin waves or magnons. These excitations travel through the crystal as a periodic wave, in which the individual magnetic moments precess around their ground state direction, i.e. the excited state is a non-collinear state even in simple ferromagnets. In section 5, we will show how these states can be investigated.
Spin-polarized scanning tunneling microscopy
With the development of Sp-STM, a real space imaging technique is at hand that enables to explore the magnetic structure down to atomic level, to verify the theoretical predictions, and to put many phenomenological models on a solid microscopic base.
In conventional scanning tunneling microscopy (STM), the electrons that tunnel between the tip and the conductive surface are used as a feedback parameter to position the tip. During scanning in the constant current mode, the apex of the tip is held on severalÅ above the sample surface by the feedback mechanism. In the Tersoff-Hamann model [14, 15] , the constant current correspond to positioning the tip at constant local density of states (LDOS) of the sample surface. Maps of the vertical tip position are called topographic STM images while they reflect the spatial distribution of the LDOS of the electrons [16] . When a tip with an atomically sharp apex is used, individual atoms can be resolved [17] . In the above picture, the spin of the electron has been neglected. For magnetic atoms the density of states is, however, spin-split into majority and minority states and a net imbalance between the occupation of both leads to the magnetic moment. In Sp-STM the tip itself is spin-polarized. Information on the spin polarization of the sample surface may be obtained via the spin-dependent tunneling process between tip and sample as described in the following.
Spin-polarized tunneling
The principle of operation of Sp-STM is based on the imbalance of the LDOS of different spins.
The imbalance causes a spin polarization P of the LDOS that has immediate consequences on the tunneling current as discovered by Jullière [18] . When electrons tunnel between two ferromagnets, the magnitude of the current is influenced by the magnetization of the two electrodes, or to be more precise, the junction resistance depends on the relative orientation of the spin polarizations P 1 and P 2 of the electrodes. This effect was therefore named the tunneling magnetoresistance (TMR) effect. For parallel orientation of the spin polarizations, the conductance G is higher than for antiparallel orientation. This finding has been explained on basis of a simple model for tunneling in which we neglect any spin dependence in the transmission through the barrier as well as spin-flip scattering during the tunneling process [19] . A quantum mechanical treatment of the problem of spin-polarized tunneling for arbitrary angles θ between the two spin polarizations leads to:
where
is the spin polarization of the LDOS of the electrode i given by the LDOS N i for majority ↑ and minority ↓ electrons. Here G 0 depends on the bias voltage and the tip sample separation but not on the spins. This prediction was later experimentally confirmed [20] . If a finite bias is applied, all states between the Fermi levels of the electrodes are involved in tunneling and have to be weighted according to their tunneling probability. This scenario is more complex but G can be expressed using effective spin polarizations.
The imaging modes of Sp-STM
In Sp-STM a spin-polarized tip (magnetic or antiferromagnetic) is used to map the magnetic surface. As in an STM experiment, the tunneling current is also used to extract information of the electronic density, one needs to separate magnetic and non-magnetic information in the tunneling current to image topographic and magnetic properties of the sample surface. There were several modes proposed to achieve this [21] . We here use two modes, which will be discussed in the following. 
The constant current mode.
Identical to STM, in the constant current mode of Sp-STM, the surface is scanned in the constant current mode but with a spin-polarized tip. Due to the TMR effect, the conductivity also depends on the projection of the sample spin polarization on the spin polarization of the tip such that a mixture of topographic and spin information is contained in the Sp-STM images. Sample areas with a spin polarization parallel to that of the tip appear higher while areas with antiparallel spin polarization appear lower. Ultimately, atomic resolution in spin has been obtained on flat surfaces. The reason for the high spin resolution with magnetic tips has been explained on basis of the magnetic super cell being larger than the structural unit cell [22] . Thus, the translational symmetry is lowered resulting in a significantly slower decay of the surface magnetic corrugation than the atomic corrugation. This is due to a longer wavelength of the magnetic structures in real space. These components are closer to the center of the surface Brillouin zone and thus decay slower into the vacuum than the structural components that are far out in the surface Brillouin zone. A constant current image taken with a magnetic tip on a flat substrate therefore reflects the magnetic super cell rather than the atomic unit cell. The magnetic contribution in the constant current Sp-STM image is proportional to the projection of the spin polarization of the sample on the spin polarization of the tip [22] . Sp-STM operating in the constant current mode has demonstrated its ultimate resolution in many two-dimensional antiferromagnetic systems, such as Fe/W(001) [23] and Mn/W(110) [24] .
The differential magnetic mode.
In the differential magnetic imaging mode, a magnetically bistable bulk ferromagnetic tip is used whose magnetization is periodically switched between opposite magnetization directions [25] . This is equivalent to changing the sign of the spin polarization of the tip. The switching frequency of the alternating current lies above the cut-off frequency of the feedback loop of the STM such that the feedback loop only detects the averaged tunneling current. As can easily be seen from equation (1), in the time averaged tunneling current all spin-dependent currents cancel out such that the topographic image contains no magnetic information. With a phase-sensitive lock-in amplifier, the alternating part of the tunneling current is detected which is proportional to P 1 · P 2 containing exclusively spin information. This way, topographic and spin information are strictly separated. Depending on the shape of the tip, the out-of-plane as well as the in-plane component of the sample spin polarization can be mapped [25, 26] . The advantage of the differential magnetic mode is that the electronic structure of the sample may be arbitrary and even varying and still the spin polarization can be measured. For a more detailed description of the imaging modes, read a recent review [27] .
Frustrated states
As discussed in section 1, frustration of antiferromagnetic order can be due to the topological structure of the lattice of antiferromagnetic atoms.
Due to competing exchange interactions between neighboring atoms, noncollinear frustrated spin structures are formed, which play an important role in determining the exchange bias at the interface between ferromagnets and the many non-collinear antiferromagnets [28] . Therefore, the investigation of noncollinear spin structures is both of fundamental interest and of technological importance [29] . Two examples will be discussed. First, the prototypic two-dimensional hexagonal antiferromagnetic lattice will be presented in form of a single atomic layer of Mn on the hexagonal surface of fcc Ag(111). Second, the surface spin structure of a complex threedimensional antiferromagnet in the case of α-Mn grown on Fe(001) will be discussed.
Hexagonal antiferromagnets: Mn/Ag(111)
The classical example of non-collinear antiferromagnetic spin structure is an arrangement of antiferromagnetic atoms in a two-dimensional hexagonal lattice. In this lattice it is impossible to align all nearest neighbors antiparallel such that rather a frustrated antiferromagnetic Néel structure as shown in figure 1(a) is stabilized. In this case, the magnetic moments are aligned with an angle of 120
• between neighboring magnetic moments.
A two-dimensional hexagonal arrangement of antiferromagnetic atoms is usually realized by growing a monolayer (ML) of magnetic atoms on the hexagonal (0001) surfaces of hcp or (111) surfaces of fcc crystals. Depending on the details of the exchange interaction, spin structures from row-wise antiferromagnetic, double-row-wise antiferromagnetic or noncollinear 120
• Néel alignment have been predicted [30] [31] [32] [33] [34] . It has been proposed by Wortmann et al [22] that using Sp-STM operating in the constant current mode, the collinear and non-collinear antiferromagnetic spin structures of a monolayer two-dimensional antiferromagnet on fcc(111) surfaces can be distinguished experimentally. The magnetic contribution in the constant current Sp-STM image is proportional to the projection of the spin polarization of the sample on the spin polarization of the tip. In the case of the non-collinear Néel structure in figure 1(a), the projection of the magnetic moments on two orthogonal orientations as shown in figure 1(b) (the magnetization direction of the tip parallel to one of the moments) and 1(c) (the magnetization direction of the tip perpendicular to one of the moments) results in different Sp-STM images showing both a magnetic ( √ 3 × √ 3) super cell [22] . As a model system Mn on Ag(111) was investigated. Submonolayer deposition of Mn on clean Ag(111) single crystals at substrate temperatures of 200 K leads to pseudomorphic growth of single ML high Mn islands without intermixing between Mn and Ag [35] . The Mn either grows as triangular islands or along the Ag step edges forming ML stripes. In the former case, the islands can be of fcc or hcp stacking. In the latter case, atomically resolved topographic images with nonmagnetic tips (see figure 2(a) ) show that the Mn continues the fcc stacking of the Ag substrate without dislocations at the step edge.
For magnetic measurements, the W tips were coated with ≈70 ML of Cr which gives an in-plane spin sensitivity [36] . Sp-STM images of a Mn decorated Ag step are shown in figure 2(b). On the Ag terrace, no spin contrast is observed while on the Mn film, a clear ( √ 3 × √ 3) super cell emerges, that is absent in topographic images recorded with nonmagnetic tips. The symmetry of the unit cell is not consistent with a row-wise or double-row-wise antiferromagnetic state but only agrees with a non-collinear 120
• Néel alignment. With one measurement, however, a non-collinear structure cannot be strictly proven. Thus, measurements of the very same area of the sample but with different tip magnetization directions are required. In case the spin structure is collinear, the observed Sp-STM images should all be identical except for the exact size of the magnetic contrast, while the non-collinear case is indicated by different Sp-STM patterns of the unit cell.
Considering the hexagonal 120
• Néel structure of a ML of Mn and assuming a spin direction along a high symmetry direction, only four energetically degenerate domains exist as sketched in figure 3(a) . Note that a rotation of all spins by 120
• is equivalent to a translation by a lattice vector and that patterns I and IV as well as patterns II and III are related by a rotation of all spins by 60
• . If these spin structures are now imaged with a spin-polarized tip, four different images result. • rotation of all spins in the same sense). (b) and (c) are two groups of constant current images taken with magnetic tips. The size of the images is about 2 nm × 2.5 nm. The magnetic unit cells are marked in the images together with the projection of the sample spin polarization onto the tip spin polarization direction. By assuming a magnetic orientation of the tip, the projections of the four domains in (a) on the tip magnetization direction results in different magnetic images. All images were taken on two fcc stacked islands.
If the tip spin polarization is parallel to that of one of the Mn atoms (say the top one), the projection of domain I and II on the tip spin polarization direction give identical images. The top atom appears brighter and the two other atoms within the unit cell have a smaller projection onto the tip polarization and appear darker. A reversal of all spins of the structure leads to an inversion of the contrast. Due to the symmetry properties of the projections, in both cases a pattern of six-fold rotational symmetry arises. These structures have been experimentally If the tip spin polarization is perpendicular to one of the Mn moments, the three atoms in the unit cell give three different projections of their spin polarization on the tip spin polarization thus leading to patterns of only three-fold rotational symmetry. These can also be observed on the same islands in case a small amount of Cr was removed from the tip with voltage pulses altering the in-plane spin polarization of the tip (see figure 3(c) ). As these images are of a lower rotation symmetry, they are are not proportional to the six-fold symmetric ones proving a non-collinear Néel structure.
The above discussion of fcc Mn layers can also be carried out for the hcp stacked regions, were also a 120
• Néel structure was found [35] . However, a different magnetic anisotropy for fcc and hcp islands was observed stemming from the different spin-orbit coupling with the Ag substrate. It could be shown that the Mn moments rotate by 30
• when going from a fcc to a hcp stacked region.
Complex antiferromagnets: Mn/Fe(001)
Manganese has the most complex structural and magnetic properties among all elements. At room temperature, Mn shows a non-collinear antiferromagnetic structure in its α-Mn phase [6, 7] which has a body centered cubic structure of 58 atoms in the unit cell. Simpler phases of Mn were obtained by growing Mn on the surface of other materials [37, 38] . Due to the influence of the substrate lattice, Mn could be stabilized on Fe(001) in a body centered tetragonal (bct) structure. While Mn grows in a layer-by-layer fashion pseudomorphically on Fe(001) [37] showing a layer-wise antiferromagnetic structure [39] [40] [41] for the first ≈12 ML, the flat growth changes to a three-dimensional growth, above [42] . It was proposed that the change of the growth mode is accompanied by a structural transition from the simple bct Mn to the complex α-Mn.
Mn films on Fe(001) were investigated in the differential magnetic imaging mode using ring shaped electrodes as STM tips. These electrodes have a well-defined in-plane spin polarization [26] . In the transition region, the bct Mn and reconstructed Mn coexist as shown in figure 4(a) . In the topographic image, part of the surface is atomically flat bct Mn (see upper right corner). In the corresponding spin channel figure 4(b), a homogeneous contrast is observed in that region. The ring was arranged parallel to the magnetization direction of the Fe(001) whisker such that the constant spin contrast reflects the collinear alignment of the bct Mn magnetization to that of the Fe whisker [43] . Most of the image, however, shows a reconstructed three-dimensional island. On the top of the island, periodic features could be observed in topography. Obviously, the reconstruction to the α-Mn starts as islands. In the spin channel (cf figure 4(b) ), orthogonal crystallographic domains of a regular contrast are seen, suggesting that the reconstructed Mn shows a complex magnetic structure.
As suggested by low energy electron diffraction (LEED) as well as topographic STM images, the reconstruction has a unit cell size of 9Å by 18Å, i.e. it is twice as large as the unit cell of the (001) The spin configuration within the unit cells of the reconstruction was visible when zooming into those islands. Figures 5(a) and (b) show the spin images of two structural domains with perpendicular orientations of the reconstruction lines. The sensitive direction of the tip is indicated in both. Note that the two images were cut from one larger image to ensure identical tip conditions. Interestingly the images differ. This can be explained by the fact that the two images represent the same unit cell but imaged with different relative orientations between the unit cell and the tip spin polarization, i.e. in figure 5(a) P is almost parallel to the long edge of the unit cell while it is nearly perpendicular in figure 5(b) . As the two unit cells are identical except for their rotation, this implies that the two orthogonal components of the spin polarization within the unit cell show different patterns, i.e. the spin polarization is non-collinear. The non-collinear spin structure of the reconstructed Mn surface is not surprising since the surface structure is similar to a doubled bulk α-Mn structure while bulk α-Mn has a complex non-collinear spin structure [7] . Since the two domains are perpendicular to each other, the two spin images can be combined to give a twodimensional spin distribution map as shown in figure 5 (c). The image shows the relative magnitude of the spin polarization within the unit cell, while the arrows represent their directions. Though this spin map is not in atomic scale, it does reveal a complex non-collinear structure of the reconstructed α-Mn surface with vortex and antivortex structures in the unit cell. Only due to the well-defined direction of the tip spin polarization, the two images can be combined to a vector map. In case the direction of the tip spin polarization is not known, vector maps can only be constructed modulo an arbitrary angle of rotation of the spins, in which case vortices and antivortices cannot be distinguished.
Non-collinear states due to spin-orbit interaction
While in the absence of spin-orbit interaction the spin S of the electron is a conserved quantity, in any solid state structure the spin feels the crystal environment by the spin-orbit interaction and the eigenstates of the electrons are not pure spin states but are rather mixed. One of the most important consequences is the appearance of the magnetocrystalline anisotropy in magnets, i.e. the dependence of the energy of the magnetic system on the direction of magnetization. In point symmetric structures the energy of the magnetic system must depend on the magnetization direction in a point symmetric fashion.
Thus, easy axis of magnetizations evolve, in which the energy of the magnet is identical for M and − M.
Anisotropic exchange: Mn/W(110)
In case the inversion symmetry is broken, there is, however, no reason that the spin-orbit interaction conserves inversion symmetry. Especially in thin films, the inversion symmetry is broken, as the film is supported by a substrate from below and has vacuum above. This maximal breaking of inversion symmetry in combination with a heavy substrate, i.e. a substrate with large spin-orbit interaction, may lead to a significant anisotropic exchange interaction [12, 13] that dominates the ground state spin structure [24] . The single ML of Mn on the pseudohexagonal surface of W(110) was shown to have a row-wise antiferromagnetic order with magnetic moment pointing along the [110] and [110] direction [10] . A constant current image using an inplane sensitive Cr coated W tip shows that the Mn grows pseudomorphically and flat on the W substrate (cf figure 6(a) ) but also the presence of large scale magnetic contrast within the island. Zoomed images reveal a row-wise antiferromagnetic contrast visible as vertical lines of spin-related corrugations (see figure 6(b) ). Interestingly, superimposed on the rowwise contrast there is a large scale periodic modulation of the contrast. As shown in the line scans of figure 6(c) , the spin-related contrast oscillates with atomic distances and is modulated by a 6 nm modulation. Note that the atomic modulation changes signs when going through a node of the large scale modulation. This spin structure could be related to a spin density wave, i.e. a collinear modulation of the size of the spin polarization, or to a non-collinear spin spiral.
To distinguish between the two, measurements of different direction of sensitivity need to be obtained. This can be achieved by using Fe coated W tips and applying a large magnetic field to align the tip spin polarization. As shown in figure 7 , the very same sample area was scanned with an Fe coated tip while varying an external magnetic field perpendicular to the sample surface. Assuming that the spin structure of the antiferromagnetic Mn film is not changed by the moderate magnetic fields and realizing that the magnetization of the Fe tip progressively aligns with the rising magnetic field, both an in-plane and out-of-plane spin images can be obtained. Interestingly, the observed Sp-STM images of the sample change with the application of the magnetic filed. The areas of maximal corrugation move laterally excluding a spin density wave and implying that the spin structure is a noncollinear spiral. Ab initio calculations including the spin-orbit interaction indicated that the ground state of Mn on W(110) indeed is a cycloidal spin spiral with a spiral periodicity of 8 nm in good agreement with the experiment [24] .
Intra-atomic non-collinear spin density: NiMn/Cu(001)
As the spin-orbit interaction only conserves the total angular momentum J = L + S, the eigenstates of the magnetic atom in presence of the spin-orbit interaction are not pure states regarding S but are rather coherent superpositions. In the extreme case, this may lead to a spin polarization P(E) within the atom, which is non-collinear. This non-collinearity of the electronic states is often neglected, as Hunds rule predicts collinear spin states in which even the orbital momentum L and the spin S are parallel or antiparallel.
Under certain circumstances, however, the mixing of spin states is pronounced. This can be the case if two electronic bands of opposite spins cross. Within perturbation theory, the spin-orbit interaction leads to an avoided level crossing opening a small gap. Additionally, the spin character of the bands continuously varies between minority and majority at the avoided crossing. Such an effect can be of importance especially in layer-wise antiferromagnets, as in their case, minority and majority bands are in principle degenerate. This is a consequence of the spin structure, as a translation of the magnetic structure by one crystallographic unit vector is equivalent to the inversion of all spins. Thus the minority and majority bands are degenerate and even moderate spin-orbit interaction can lead to significant mixing of the spin states.
As an example, we focus on the chemically ordered Ni 50 Mn 50 alloy of CuAu-I face centered tetragonal (fct) structure in which Mn and Ni atoms occupying alternating atomic sheets perpendicular to the c axis. The magnetic moments of adjacent Mn atoms lie within the Mn sheets and are antiparallelly aligned while the Ni moments vanish [44] , resulting in a layer-wise antiferromagnetic structure along a or b direction. Chemically ordered equiatomic NiMn can be grown epitaxially on Cu(001) while the c axis lies in the substrate plane [45] . In this configuration, the chemical unit cell naturally results in a c(2 × 2) structure observed in LEED. And indeed, bright dots, i.e. the Mn atoms, in the atomically resolved topography obtained by STM clearly form c(2×2) cells (cf square in figure 8(a) ). A careful analysis of the STM image shows, however, that the central atom in the larger p(2×2) square slightly shifts from the center towards the rightbottom corner. Further, every second bright Mn atom appears higher (brighter) and every second dark depletion, i.e. Ni atoms, deeper (darker). Both observations are compatible with a larger p(2 × 2) unit cell and indicate a broken c(2 × 2) symmetry by surface reconstruction. This reconstruction was also observed in a careful LEED-I V analysis [46] revealing a slight buckling of both the surface Ni and Mn atoms.
Due to the four-fold symmetry of the Cu(001) substrate, two orthogonal domains of NiMn exist.
These are distinguished by the orientations of the Mn sheets either along [100] or along [010] directions. Spin-resolved images (cf figure 8(b) ) show two different spin patterns (marked as domains I and II). Domain I displays a c(2 × 2) checkerboard structure while domain II exhibits parallel lines, the separation of which equals that of adjacent Mn sheets. Thus, these spin patterns reflect two structural domains with orthogonal Mn sheets that for symmetry reasons are expected to have identical spin structures. By a detailed study of the behavior of the spin polarization when crossing atomic steps, the two domains could be identified [46] as depicted in figure 8(c) .
Due to their 90
• rotation, however, two orthogonal components of their spin polarization can be mapped as a function of the bias voltage as depicted in figure 9 (a). They depend significantly on the bias voltage. For domain I ( M R parallel to the Mn sheets; upper row in figure 9(a) ), the spinresolved image for −0.1 V shows weak contrast with p(2 × 2) symmetry. At positive voltages, the spin unit cell is reduced to a c(2 × 2) unit cell. For domain II ( M R perpendicular to the Mn sheets; bottom row of figure 9(a)), there is apparently no ordered feature at negative bias voltages. The spin pattern at positive voltages is characterized by parallel stripes separated by 3.6Å reflecting the two-fold symmetry of the film due to the atomic sheets. This complex behavior indicates firstly a noncollinearity of the spin polarization in real space and secondly, a change of the spin polarization direction as a function of bias voltage. The latter can be viewed as non-collinearity of the spin polarization in the energy domain.
The two sets of data for orthogonal domains can be combined to an in-plane vector map of the spin polarization (see figure 9(b) ) showing that both direction and relative magnitude of the spin polarization depend strongly on the bias voltage.
Ab initio calculations of NiMn films indicate that the ground state spin structure of an unreconstructed NiMn surface is collinear. If, however, the geometric symmetry is broken by the observed reconstruction, a non-collinear in-plane magnetic structure that depends on the electron energy evolves caused by spin-orbit interaction [46] .
Non-collinear excited states
Ferromagnetic and antiferromagnetic systems are part of modern data storage devices. For a functioning device, not only the ground state properties of magnetic materials are of interest. Every time, the device is switched, i.e. when a field is sensed or data is written, a magnetic system is excited. The fundamental excitations of magnets are collective excitations in the form of magnons. Magnons are at the heart of physical properties such as fast magnetization reversal, zero bias anomalies in magnetic tunneling junctions or current induced magnetic switching [47] [48] [49] .
Recently, STM has been used to study the energetics of spin-flip scattering in magnetic films, atomic chains, and single atoms [50] [51] [52] . This new technique is based on inelastic scanning tunneling spectroscopy (ISTS). In ISTS, the tunneling electrons inelastically interact with one of the electrodes [53] . When the tunneling electrons have enough kinetic energy (eU ) to excite an inelastic process, the tunneling current I is enhanced due to an increase of the number of final states. The onset of the inelastic scattering process creates a step in the differential conductivity dI /dU or a peak in the d 2 I /dU 2 . Inelastic excitations may occur in forward and backward tunneling direction, leading to peaks in d 2 I /dU 2 with odd symmetry in U [53] . Figure 10 (a) shows as an example the inelastic tunneling spectrum recorded on bulk Fe(001) with a non-magnetic tip. A clear peak at positive bias and a weak dip at negative bias indicate an inelastic excitation. The energy of the excitation is of the order of few meV and thus can be related to magnons or phonons. As the creation of a magnon by a hot electron reduces the total spin of the ferromagnet, the conservation of total angular momentum requires that the spin of the hot electron is changed from minority to majority during the inelastic scattering event. Therefore, for positive sample bias U , magnons are created by hot minority electrons that are spin scattered. For negative U , magnons can only be created by majority electrons tunneling out of the ferromagnet leaving behind a hot majority hole that is filled by a minority electron due to an inelastic scattering event [49] . Inelastic phonon creation, however, does not obey these spin selection rules. Thus, inelastic magnon creation in ISTS can be told from inelastic phonon creation by verifying these spin selection rules. A straightforward verification can be done by using a spin-polarized STM tip as a source for spin-polarized electrons. Depending on the relative orientation of tip and sample spin polarization, the inelastic spectrum is expected to alter in case the excitations are magnons while the spectrum should not depend on the magnetization direction in case of phonons. Figure 10 with magnon creation and in contrast to phonon creation, the inelastic spectra depend on the direction of the magnetic filed. Note that in this configuration magnons can also be created in the tip which explains the change of the spectra shape [50] . The excitation of magnons due to the local tunneling current allows to map magnon creation with the high lateral resolution of STM opening up a new research area that has been inaccessible with established scattering techniques like neutron scattering or Brillouin light scattering.
Beyond the lateral resolution, STM can also be used to determine the momenta and life times of magnons. The simple fcc γ -Mn can stabilized as ultra thin films on Cu 3 Au(001) showing a layer-wise antiferromagnetic order [54] . While in bulk magnetic materials, magnons are free to travel in all three dimensions resulting in a continuous dispersion of the magnon energy E with the momentum k, in thin films magnons are confined normal to the film plane and standing magnons are formed. These standing magnons can be regarded as noncollinear magnetization oscillations that travel freely in the two dimensions of the film. Therefore, their dispersion relation is given by a series of spin wave branches quantized in k z normal to the film plane and continuous in k x and k y in the film plane.
The d 2 I /dU 2 spectra recorded on thin films of different thicknesses t are shown in figure 11 .
The peaks are antisymmetric with respect to zero bias voltage indicating an inelastic excitation. As both the substrate and the vacuum above the film are non-magnetic, the surface and interface spins of the antiferromagnetic layer are free to rotate such that magnons in the antiferromagnet are reflected with no phase shift at both interfaces. Thus the magnons can be classified by the order n = 0, 1, 2, . . . where n reflects the number of nodes in the standing magnons as sketched in the inset of figure 11. In agreement with this simple quantization, we observe a series of excitation peaks in the inelastic spectra. The onset of every branch of standing magnons is observed as a peak in ISTS.
From the thickness t of the Mn layer and the order of the peak, we can compute the momentum k using a simple conversion k z = nπ/t. This way, both the energy E and the momentum k z of the magnon can be obtained and the magnon dispersion can be measured as shown in figure 12 . At low wavevector, the energy of the spin waves increase linearly as expected for antiferromagnetic magnons resulting in a magnon velocity of v = 160 ± 10 meVÅ/h in good agreement with Neutron scattering data of Ni stabilized bulk γ -Mn. A similarly good agreement is obtained when comparing our data with ab initio calculations of the magnon dispersion of fcc and fct bulk Mn [55] .
Further more, we can measure the full width of half maximum (FWHM) of the excitation peaks from the spectra shown in figure 11 . These give the damping of the magnons (k) which increases linearly with the energy in agreement with the viscous damping term of the Landau-Lifshitz-Gilbert equation.
Conclusion
In this review we summarized recent results of Sp-STM experiments that impressively show the capabilities of the technique to investigate non-collinear spin structures. Not only that the high resolution of Sp-STM allows to image the atomic spin structure for the first time, it also allows to obtain information on the direction of the spin polarization vector such that collinear and non-collinear states can be distinguished.
Ultimately, Sp-STM allows to investigate dynamic properties of magnets in form of their quantum mechanical excitations. All these recent achievements of Sp-STM are just the beginning and many new insights into the physics of magnetism on the atomic scale can be expected in the future.
